THz imaging and spectroscopy using broadband THz pulses map out the THz carrier dynamics of a large-area graphene-on-Si sample, showing that the local sheet-conductivity varies across the sample from  s = 1.710 -3 to 2.410 -3  -1 . 2011 Optical Society of America OCIS codes: (160.4236) Nanomaterials; (300.6495) Spectroscopy, terahertz; (100.0118) Imaging ultrafast phenomena
broadband THz beam through the sample. Transmission is consistent with a sheet conductivity  s > 30 q = 30e 2 /4  , i.e., at least 30 times larger than the optical sheet conductivity associated with interband transitions in graphene [1] . Our measurements indicate that the optical response of graphene in the THz band is dominated by intraband transitions rather than interband transitions. The spectral response is flat, suggesting that our probe frequencies are well below the Drude roll-off frequency. By measuring THz transmission at discrete points across a graphene film we are able to map out sheet conductivity as a function of position. In contrast to conventional measurements of sheet conductivity, our THz imaging technique does not require patterning of graphene or fabrication of electrical contacts. To investigate transmission near the graphene edge, we looked at a 1.51.5-mm 2 region with 0.02-mm step size [ Fig. 1(b) ]. The transmission drop across the boundary is as sharp as the spatial resolution of our probe, 0.5 mm, [ Fig. 1(c) ] indicating that the THz carrier dynamics in graphene are insensitive to edge effects within a few hundred microns of the edge. The inhomogeneous transmission shows that the local sheet conductivity varies across the sample,  s (x,y) = 1.7 x 10 -3 to 2.4 x 10 -3  -1 ( s = 420 to 590 /sq). The measured sheet conductivity is more than 30 times greater than  q = 6.1 x 10 -5  -1 , which shows that the optical response is dominated by intraband transitions. It should closely reflect the dc electrical conductivity of the graphene sample. We investigate the frequency-dependent conductivity of the graphene sample using THz time-domain spectroscopy (THz-TDS). Figure 2(a) shows a set of data including the THz waveforms through air (black), the Si substrate (red), and the graphene/Si sample (blue). The waveforms measured from both Si and graphene/Si consist of a series of single-cycle THz pulses. First, a directly transmitted pulse (m = 1), then subsequent "echos" corresponding to multiple reflections from the front and back sides of the Si substrate (m = 2, 3, 4…). The time delay between echoes is consistent with the thickness of the Si substrate (2855 m). The amplitude difference between graphene/Si pulses and Si pulses becomes more pronounced as the pulses undergo more reflections. Figures  4(b-d) show Fourier transforms of the m = 1, m = 2 and m = 3 waveforms respectively. The relative field transmission of the m-th pulse is predicted to be 1 13 13 . The flat spectral response indicates that the period of the applied electric field (0.5-3 ps) is much longer than the room-temperature carrier scattering time in our graphene sample.
In conclusion, THz imaging and spectroscopy is of great use for rapidly characterizing the local free carrier dynamics in graphene. We have demonstrated that the strong THz absorption of graphene leads to high contrast imaging and the ability to accurately map sheet conductivity with sub-mm resolution over large areas.
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